[1] We apply a common conversion point stacking technique of receiver functions from the North China Interior Structure Project (NCISP) to image the upper mantle discontinuity structure beneath eastern China. The stacking results of dense receiver functions reveal a prominent discontinuity structure. The appearance of the 410-km discontinuity is sharp and consistent with little influence by Western Pacific subduction slabs. The 520-km discontinuity is relatively weak and consists of splitting phases at depths ranging from 500 km to 550 km. As for the 660-km discontinuity, double discontinuities and a narrow depression zone are detected near a depth of 660-km, indicating a more complex structure there. Phase transformations in non-olivine components, such as from garnet to perovskite, seem to be a more plausible interpretation for a complex 660-km discontinuity in this region.
Introduction
[2] The 410 and 660-km discontinuities (hereafter called the 410 and the 660) in the upper mantle are primarily interpreted to be phase transformations, from a-olivine to b-spinel and from g-spinel to perovskite and magnesiowustite, respectively [Ito and Takahashi, 1989] . In addition, there is another weaker discontinuity in the mid-transition zone, the 520-km discontinuity (hereafter called the 520), which is primarily interpreted to be a phase transformation in the mantle olivine component from b-spinel to g-spinel [Shearer, 1990] . Previous mineralogical measurements from olivine have demonstrated that the Clapeyron slopes are positive for the a-olivine to b-spinel transformation and negative for the g-spinel to perovskite and magnesiowustite transformation [Ito and Takahashi, 1989] . Therefore, the 410 will be uplifted to shallower depths and the 660 depressed to greater depths in the subduction zone regions. However, because of the presence of garnet minerals, the upper mantle discontinuities may present more complex structures in subduction zone regions [Vacher et al., 1998; Deuss and Woodhouse, 2001] . In particular, garnet minerals undergo exothermic transformations near a depth of 660-km, possibly effecting mantle convection processes in some areas [Simmons and Gurrola, 2000] .
[3] Located near the Western Pacific subduction zone, eastern China provides a unique laboratory for seismic investigations of upper mantle discontinuity structures. Beneath eastern China, recent tomographic studies suggest that Pacific subduction slabs tend to deflect or flatten in and near the bottom of the transition zone without direct continuation to much greater depths in the lower mantle [Fukao et al., 2001] . Using long-period recordings of multiple-ScS reverberations, Revenaugh and Sipkin [1994] found a low value for the reflection coefficient for the 660, which is consistent with a horizontally inclined slab atop the 660. Results from stacking SS precursors showed the 660 to be depressed about 15 km near eastern China [Flanagan and Shearer, 1998 ]. Combining converted-wave measurements in East Asia with seismic velocities from regional tomography studies, Lebedev et al. [2002] concluded that both the 410 and the 660 were caused by phase transformations in olivine. Moreover, a detailed receiver function study of the upper mantle discontinuities in eastern China indicated that no downward bending of the 660 is observed in this region where the flat-lying slab is imaged by tomography [Li et al., 2000] . However, due to the lack of densely distributed seismic stations in this region, previous studies could not image lateral variations around the 410 and the 660 with high resolution.
[4] To study the upper mantle discontinuities beneath eastern China, we use dense data recorded by the North China Interior Structure Project (NCISP) (Figure 1) . We employ the receiver function technique, wherein we use converted waves at the upper mantle discontinuities [Langston, 1979; Ammon, 1991; Dueker and Sheehan, 1997] . The high density of the seismic data allows us to stack many receiver functions that have common conversion points at certain depths so that converted phases from the upper mantle discontinuities can be confidently identified with high lateral resolution. Figure 1 ). For each station, between 40 and 100 high SNR teleseismic events (Ms > 5.8) with epicentral distances between 30°and 90°were recorded. In our study, a 2.5Hz Gaussian parameter was used to isolated receiver functions using the maximum entropy deconvolution method [Wu and Zeng, 1998 ]. After deconvolution, a second-order zero phase Butterworth band pass filter with corner frequencies 0.03Hz to 0.3Hz was applied to all receiver functions. Thereafter, 2,412 stable receiver functions were selected. The objective of this study is to image the upper mantle discontinuities by GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 21, 2089 , doi:10.1029 /2003GL017678, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2003GL017678$05.00 using weak converted phases that are present in the receiver functions. To this end, we geographically sort and stack receiver functions into common conversion point bins [Dueker and Sheehan, 1997; Owens et al., 2000; Gilbert et al., 2001] .
Data and Method
[6] First, we calculate the delay time of the converted phase relative to the direct P wave and the piercing point of every P-to-S conversion at depths ranging from 0 km to 800 km based on the 1-D IASP91 [Kennett and Engdahl, 1991] velocity model with modifications for eastern China crustal structure. Since this delay time depends on both the epicentral distance and the depth of the discontinuity, move-out corrections for the average epicentral distance are carried out to all receiver functions [Ai et al., 2003] .
[7] Second, in order to illustrate the ray parameter dependence [Saul et al., 2000] , we divide the P slowness ranging from 4.8 s/°to 8.6 s/°into bins of 0.4 s/°width, within each of which the receiver functions are stacked. In Figure 2a , we present this image in a time domain without a move-out correction. The most prominent signals are P410s and P660s, which can be confidently identified through the whole slowness range. The 410 is sharp and consistent, while the 660 is present with more complexity. In the P slowness range of 5.5 s/°to 6.5 s/°, the 660 shows about 3 s delay time from the prediction based on the global velocity model IASP91 [Kennett and Engdahl, 1991] . On the other hand, in the range of 6.5 s/°to 8.6 s/°, the 660 shows double phases. Reverberations from some shallow mantle structures, such as multiple phase Pp210s, can interfere with P-to-S phases of the 660; however, this is not the case in our results (Figure 2a) . Figure 2b shows the corresponding image of Figure 2a in depth domain with move-out correction.
[8] In addition, to investigate the general features of the discontinuities in this region at depths from 300 km to 540 km and from 541 km to 800 km, we bin all receiver functions along the east-west line (line TT 0 in Figure 1 ) and stack the receiver functions whose piercing points at 410-km and at 660-km are within the same bin, respectively. In this study, we use rectangular bins with 100 km width and 400 km length vertical to the stacked line. As a result, more than one hundred traces contribute to each bin. As shown in Figure 2c , the 410 shows a coherent, sharp discontinuity around the depth of 415 km with large amplitude. This indicates that the Western Pacific subduction slabs may not have much influence on the 410 in the study region. The 520 is actually a broad belt consisting of two separated discontinuities with little fluctuation at depth from 500 km to 550 km. However, a complex 660 structure is found along line TT 0 , where double 660-km discontinuities, as well as a narrow lateral depression zone with a width no more than 150 km, are detected. To the west of 119.0°E, there are two separated discontinuities near the depth of 660-km. Within the zone between 119.0°E and 120.6°E, the two discontinuities seem to blend together and are characterized by large amplitude, and an obvious depression of about 20 -30 km from the average 660-km discontinuity can be found. However, to the east of 120.6°E, the separated discontinuities appeared again, but this time with relatively small amplitude for the lower discontinuity.
[9] As shown in Figure 1 , the piercing points at the same depth are distributed over several different back azimuthal zones. To illustrate the variation of upper mantle structure within different back-azimuths, we choose four lines (AA 0 to DD 0 ) to bin receiver functions separately. We chose circular bins with 60 km radius, 10 km bin spacing for . We find a sharp 410, a broad weak 520 discontinuity, and double discontinuities with a narrow depression zone are detected near a depth of 660-km. Whereas beneath the northern study area (line CC 0 and DD 0 ), we find that coherent and sharp 410-km and 660-km discontinuities are revealed.
Discussion
[10] The high density of the seismic data allows us to study in detail the upper mantle discontinuity structures in eastern China. The 410 is sharp and consistent in the study region and seems to be little affected by subduction processes. The maximum amplitude at depth of around 420 km is consistent with the results from stacking SS precursors in eastern China [Flanagan and Shearer, 1998 ]. Also, the 410 structure in this region is consistent with the previous works from a receiver function study in eastern China [Li et al., 2000] .
[11] We find a weak splitting of the 520 in this region (Figure 2c ). Although most seismic observations for the 520 come from long-period SS precursors or ScS reverberations rather than from short-period data [Flanagan and Shearer, 1998; Revenaugh and Sipkin, 1994] , our data observations for the 520 are consistent with recent SS precursor results [Deuss and Woodhouse, 2001] . Possibly, variations in mantle pyrolite composition may contribute to this complex mid-transition zone discontinuity.
[12] In contrast, the 660 presents a more complex structure both in all-trace stacking (line TT 0 in Figure 2 ) and in different back-azimuths stacking results (lines AA 0 and BB 0 in Figure 3) . The most prominent features are a narrow lateral depression zone (<150 km) and multiple 660-km discontinuities in this region where the flat-lying slab is imaged by tomography [Fukao et al., 2001] . Our results in the vicinity of the 660 differ from the previous study [Li et al., 2000] . The data of the previous receiver function study in eastern China were from only two CDSN (Chinese Digital Seismic Network) stations, both of which (stations BJI (Beijing) and SSE (Sheshan)) are far away from our study region [Li et al., 2000] . Most importantly, the narrow depression zone and multiple 660-km discontinuities might be distributed over a local, rather than broad region.
[13] Recent mineral physics studies revealed that nonolivine components such as garnet in the upper mantle play an important role in phase transformations, particularly in subduction zones. Multiple 660-km discontinuities may be present at relatively low temperature [Vacher et al., 1998 ]. Although multiple phases from the shallow mantle in the depth range of about 100-250 km can interfere with the 660 [Saul et al., 2000] , our results in Figure 2a do not show this to be the case. In our study region (line TT 0 in Figure 1 ), the cooling of subducted flat-lying slabs above the 660 suggests that the temperature in this region should be lower than that of ambient mantle [Fukao et al., 2001] . Variations in transition zone thickness (TZT) can provide a more powerful ''mantle thermometer'' than the absolute depths of the 410 and 660 [Owens et al., 2000] . If we use phase transformations in olivine and use Clapeyron slops of +2.9 MPa/K and À1.9 MPa/K for the 410 and 660 respectively [Bina and Helffrich, 1994] , then 20 -30 km of variation in our narrow depression zone will correspond to about 150-200°K temperature changes. On the other hand, if phase transformations in non-olivine components cause seismic multiple 660 in this area, then temperature changes can get to 400 -500°K based on some mineral physics experiments [Vacher et al., 1998 ]. Therefore, phase transformations in the non-olivine components, such as from garnet to perovskite, seem to be the more plausible to interpret multiple 660's in this region. However, whether the garnet-perovskite transformation becomes seismically visible is still a debated question. To determine garnet phase transformations coupled with olivine transformations in eastern China, will need further work with future data.
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